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Abstract 
An experimental study is conducted to understand the gas temperature rise in the roof vented enclosure, and to analysis the influence of 
roof opening area on the fire development. This influence is of particular interest in the strategic decision of fire fighting and risk 
assessment. One 3 m × 3 m × 1.95 m compartment and four diameters of heptane pool fire were used. The fire size has strong influence, 
while the roof opening area has weak influence on the average rate of gas temperature rise. In the early stage of a fire, the fire 
development will slow down with the increase of roof opening area. For a relatively large fire, on the contrary, the fire is leaded to higher 
peak temperature as the increase of roof opening area. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
A area (m2) 
D pool diameter (m) 
t time (s) 
T gas temperature (K) 
T0 temperature of ambient air (K) 
Subscripts 
average mean value 
f fire source 
g gas in the enclosure 
peak peak temperature 
roof roof opening 
1. Introduction 
Gas temperature rise in an enclosure fire is an important parameter for characterizing fire process and risk assessment. It 
can be used to assess the time when hazardous conditions for humans will occur, flashover may occur, structural elements 
are in danger of collapse, as well as the thermal feedback to fuel sources or other objects [1]. The rate of gas temperature 
rise can also be used to predict the fire development [2, 3] in the enclosure fire research. 
It is well known that the size and location of the enclosure openings have effect on the development of a fire in an 
enclosure. In the research of building compartment fires, gas temperature in the enclosure has received considerable 
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attention. A typical compartment often has a/many vertical openings on the wall to represent the breakage of a window or 
the opening of a door. For these compartments, there ordinarily has an obvious boundary interface between upper hot smoke 
layer and lower cool layer in the stage of fire development. The description of gas temperature in the enclosure can be 
achieved by two-zone model. The temperature rise in the hot smoke layer is related to the area, A0, and the height, H0, of 
vertical opening. After flashover occurred (post-flashover stage), the fire is controlled by the ventilation state of the 
enclosure. The maximum heat release rate, maxQ is proportional to ventilation factor, 0 0A H  [4, 5]. In this stage, one-zone 
model is most commonly used to describe the fire development in the enclosure. 
Horizontal vents are presented in many situations, particularly in multi-room compartments, ships cabins and 
containment buildings. Due to the special opening position, flow of gases in and out through a horizontal vent, demonstrates 
unstable and oscillating bidirectional behavior, is controlled by the buoyancy-driven and pressure difference between the 
fire enclosure and the cold ambient environment [6-8]. Much work has been conducted, for such enclosure, on fire 
behaviors [9], mass flow through the horizontal vent [7, 10-13], critical oxygen concentration of fire extinguish [9], and gas 
temperature profiles during the fire and the time of fire extinguished [14, 15]. By studying the density-driven exchange flow 
through horizontal opening with salt water experiments, Epstein [11] gave the mathematical expression for the rate mass of 
air inflow at a horizontal vent under bidirectional, ,r airm . Contrast ,r airm  with the rate mass of air inflow in the vertical 
opening enclosure, , d airm , mass flow through horizontal opening is only one-tenth of that for the same size of vertical vent. 
This means that a horizontal vent with such unstable flow, as in a ship fire, is relatively inefficient in supplying oxygen to 
the fire. Nevertheless, the one-zone model, usually used in the research of ventilation-control fire, is hard to predict the gas 
temperature and fire development process due to the special mode of horizontal vent ventilation [16] and the air entrainment 
into the fire only a part of mass of air inflow through the roof opening.  
In the present work, one 3 m × 3 m × 1.95 m reduced-scale ship cabin was used to investigate the gas temperature rise in 
the roof opening enclosure. Based on the experimental results, the influence of roof opening area on the process of fire 
development was reported in this paper.  
2. Experimental setup 
2.1. Test compartment 
The Experimental system of ship cabin fire for the experiments was conducted in the State Key Laboratory of Fire 
Science at University of Science and Technology of China. Fig. 1 shows the geometry of the experimental setup.  
Internal dimensions of the ship cabin are 3 m wide by 1.95 m high by 3 m deep as shown in Fig. 1. The roof of the cabin 
was a steel board. The walls of the cabin were lined with a layer rock wool sheathing board sandwiched between two layers 
of stainless steel plate. That’s to make the cabin have fire-resisting and thermal insulation qualities which could meet A60 
standard [17].  
(a)     (b)  
Fig. 1. Geometry of the experimental set-up for (a) vertical cross section (front view) and (b) horizontal cross section (top view). 
Classical representation of a ship cabin, as opposed to several custom buildings, represents the structure with a roof 
opening, such as deck hatches, stairway bulkhead doors, ventilators or top-floor windows, to the ambient surroundings or to 
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an adjacent cabin. In the research of ship fire, such ship cabins were described as a roof opening enclosure with no wall 
opening [10, 14, 16, 18-20]. The opening is a horizontal vent which usually position in the corner or side edge of the cabin 
roof. In order to investigate the influence of the roof opening area, the rectangle horizontal roof opening was cornered in the 
roof of the cabin, and its size was varied in each experiment. The roof opening was changed by two stainless steel plates. 
There were 24 experiments with the following roof opening sizes: 0.10 m × 0.10 m, 0.20 m × 0.20 m, 0.30 m × 0.30 m, 0.38 
m × 0.38 m, 0.50 m × 0.50 m and no vent. 
2.2. Fire source 
A heptane (C7H16) pool fire, representing the fire source, was positioned in the centre of the cabin floor. Its size was 
varied between experiments with the following diameters (Df): 0.1 m, 0.14 m, 0.2 m and 0.3 m. The pools were 3 mm thick 
circular steel pans with a depth of 40 mm. A rock wool sheathing board was inserted between the pool and digital weighting 
for thermal resistance. The height of the pool rim from the floor was 0.3 m. In the experiments, the fuel was injected into the 
pool with a thickness of 35 mm. 
2.3. Instrumentation 
The apparatus used in experiments is shown in Fig. 1. Gas temperatures were measured with sheathed Type-K 
thermocouples by 1 mm diameter. Inside the test cabin, three thermocouple trees were employed. The vertical displacement 
between each thermocouple was 15 cm, with the highest and the lowest thermocouples being 5 cm from the roof and 10 cm 
from the floor, respectively. One thermocouple tree was positioned in the central axis of the floor away from the roof 
opening, at a distance of 0.5 m from the side wall. The other thermocouple tree was positioned in the same central axis. The 
distances between the side wall and thermocouple tree is 0.05 m. Another thermocouple tree was positioned near the roof 
opening, as the distances of 1.4 m and 0.5 m from side walls, respectively. 
Mass loss was measured by a digital electronic weighting with an accuracy of 0.1 g.  
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Fig. 2. Mass loss rate per area with time, Aroof = 0.3 m × 0.3 m, for (a) dia.=0.10 m, (b) dia.=0.14 m, (c) dia.=0.20 m and (d) dia.=0.30 m. 
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Fig. 3. Comparison of average mass loss rate per area in the roof opening enclosure within the open space. 
3. Results and discussion 
3.1. Fuel mass loss rate per area 
Figure 2 shows a set of typical time-instantaneous mass loss rate per area variation curve in the period of experiments and 
smooth curves derived from them for ease of viewing. It can be seen that the instantaneous mass loss rate per area changes 
little in the early stage of the test. The pool fire is in quasi-steady state burning. Then the instantaneous mass loss rate per 
area variation curve fluctuate wildly, the pool fire seems to be entering the boiling burning stage. The mass loss rate per area 
of pool fire increase rapidly, especially for the bigger size pool fires. 
Figure 3 shows the comparison of average mass loss rate per area in the roof opening enclosure within the open space. 
The mass loss rate per area of pool fire in the enclosure is bigger than that in the steady state of free burning and smaller 
than that in the boiling state of free burning.  For different diameters of pool fire scenario, the influence laws of the mass 
loss rate per area of pool fire affected by roof opening size are various. That is the result of combined effects of lack of 
oxygen, boiling of liquid fuel, thermal feedback, irregular changing of pressure, various horizontal roof vent flow mode, etc. 
3.2. Smoke temperature rise 
The hot smoke generated from the pool fire impinged the ceiling, and then began to fill the space of enclosure. In the 
building fire research, the average temperature rises of hot smoke layer are used to represent the smoke temperature rises in 
the enclosure. But, the temperature profiles in the tests were different from that of in the enclosure with vertical vent due to 
lack of vertical vent on the wall.  
A typical smoke temperature profile is showed in Fig. 4. It can be seen that there was no sharp neutral plane between the 
upper hot gas layer and lower cool layer. The temperature profiles of other cases were similar. The gas temperature 
decreases with height decrease, from the ceiling to the floor, in a liner relationship during the experiments. 
In the present work, the height-average temperature rise was used to represent the global temperature rise in the 
enclosure. So, the global temperature rise is defined as 
0Mean ( 1,  2,  3, ,  12)g idT T T i
                                                                 
(1) 
where Tg is the height-average temperature rise in the enclosure, which is obtained by calculation from the mean 
temperature values at height 1.9 m and lower; Ti is the temperature at a certain height; T0 is the temperature of ambient air. 
A typical smoke temperature rise with different diameters of pool fire is showed in Fig. 5. It shows that the temperatures 
rise slowly in the small pool fire scenarios and rise rapidly in the large pool fire scenarios. The peak temperature rise is also 
correlated with the pool size. In the experiment, the peak temperature rise of diameter 0.3 m pool fire is about 8 times of that 
for the diameter of 0.1 m. 
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3.3. Smoke temperature rise rate 
The average rate of temperature rise in the enclosure from the time of ignite the pool to that of the average temperature 
rise approaches the peak value is defined as 
0g gpeak peakaverage
dT dt T T t
                                                                 
(2) 
where Tgpeak is the peak temperature rise during the experiment; tpeak is the time form fire ignite to the mean temperature 
attaining the peak temperature rise. 
Table 1 provides an overview of (dTg/dt)average for all the configurations under study. For each configuration, the 
influence of Af and Aroof are clear. It shows that, for each fire size, there is a slight difference between the average rates of 
gas temperature rise. But for each roof opening area, the average rate of gas temperature rise increases with fire size 
increase. The (dTg/dt)average of pool with a diameter of 0.3 m is almost twenty times than the 0.1 m diameter pool fire. 
Table 1. Average rate of gas temperature rise in the enclosure (dTg / dt)average (K s-1) 
Af (m2) Aroof = 0 m2 Aroof = 0.01 m2 Aroof = 0.04 m2 Aroof = 0.09 m2 Aroof = 0.14 m2 Aroof = 0.25 m2 
0.008 0.024 0.021 0.027 0.021 0.031 0.031 
0.016 0.084 0.077 0.063 0.059 0.068 0.049 
0.031 0.196 0.151 0.163 0.195 0.197 0.199 
0.071 0.544 0.533 0.498 0.543 0.562 0.571 
 
 Influence of fire size 
The influence the fire size, Af, on the average rate of gas temperature rise in the enclosure is showed in Fig. 6. It is seen 
that the (dTg/dt)average with Af  is almost linear for all seven Aroof  value. The correlation leads: 
1.33~g faveragedT dt A
                                                                              
(2) 
The linear relationship shows good agreement with Df equals 0.1 m, 0.14 m and 0.2 m with all roof opening. But, all the 
rates of temperature rise of pool with a diameter of 0.3 m are slightly above the line. 
 Influence of roof opening area 
Figure 7 shows the influence of the roof opening area on the average rate of gas temperature rise. Compare to the sealed 
cabin fire, (dTg/dt)average decreases when a small opening (Aroof < 0.01 m2) occurred in the roof. But with the further increases 
in roof opening area, the (dTg/dt)average increases and reach a value which same as the sealed scenario. Then the (dTg/dt)average 
almost maintain this value. 
Fig. 4. Temperature profiles at various times, diameter of pool, Df = 0.30 m, 
Aroof = 0.50 m × 0.50 m.
Fig. 5. Smoke temperature rise with time, Aroof = 0.3 m × 0.3 m. 
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Fig. 6. Influence of fire size on average rate of gas temperature rise.           Fig. 7. Influence of roof opening area on average rate of gas temperature rise. 
 
4. Roof opening influence on the fire development process 
Figure 8 shows a typical average rate of temperature rise correlated with peak temperature rise, which usually can be 
used to predict the fire development process [2] in the enclosure fire research. In Fig. 8, the (dTg/dt)average increase with Tgpeak, 
especially as a simple exponential function of peak temperature rise. The relationship of ln(dTg/dt)average with Tgpeak can be 
formulated by liner function as 
0ln g gpeakaveragedT dt B A T T
                                                                           
(3) 
In Eq. (3), the slope parameter, A, and intercept parameter, B, are correlate with temperature rise rate and peak mean 
temperature, which can provide some information about the trend of fire development. The rate of temperature rise 
increases as parameter A (or decrease of parameter B) increases for the fires with same Tgpeak. That is, the fire develops more 
and more quickly, as the parameter A increases (or decrease of B). For the fires follow the same rise rate of development, 
the peak temperature of fire with larger value of A is lower (or smaller value of B). So, the change trend of the parameters A 
and B may be useful to mirror the influence of controlling factors, such as ventilation condition, fuel type, the compartment 
shape, dimensions of the enclosure, thermal characteristic of construction material, etc, on the trend of fire development. 
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The influence of roof opening area on the parameter A and B are visualized in Fig. 9. It shows that the parameter A 
decreases as the roof opening area increases. On the contrary, the parameter B increases with the increase of roof opening 
area.  
This trend of varying parameter A and B with roof opening area increase illustrated in Fig. 9 is changed to the influence 
of roof opening area on the process of fire development and showed in Fig. 10. It can be found from Fig. 10, the line move 
Fig. 8. Correlation of average rate of temperature rise with peak 
temperature, no roof opening test.
Fig. 9. Influence of roof opening area on slope (A) and intercept (B). 
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right and the slope of line decrease due to the increase of roof opening area. In order to show the influence of roof opening 
area on fire development, two lines were drawn on the Fig. 10. Line No.1, Y=B1+A1X, with a small roof opening and line 
No.2, Y=B2+A2X, with a large roof opening. From Fig. 10, it can be found that line No.1 and line No.2 have different 
average temperature rise rate, y1 and y2, for the same peak temperature rise, x0. The average temperature rise rate, y2 is 
smaller than y1. That means for the fires with same Tgpeak, the temperature rise rate would decrease with the increase of roof 
opening area. In the pre-flashover and fuel-controlled stage, same size of fires in the enclosure will have the same peak 
temperature rise [1]. It indicate that increase roof opening area is helpful to slow down the development of fire process in 
the fuel-controlled stage. When a fire breaks out in a roof opening enclosure, therefore, increase the roof opening is 
conducive to provide more time for fire fighting and rescue work. Due to relatively inefficient in supplying air to the fire, 
the fire will enter its ventilation-controlled stage soon, especially for the large fire. 
On the other hand, it shows in Fig. 10 that for the same gas temperature rise rate, y0, the peak temperature rise of line 
No.1 is x1 and that of line No.2 is x2. The peak temperature rise, x2 is larger than x1, meaning that increasing the roof 
opening area will make the Tgpeak of the fire higher for the fires with same temperature rise rate. In the ventilation-controlled 
stage, same size of fires in the enclosure have same peak temperature rise. The peak temperature rise is relevant to 
ventilation conditions [4]. It indicates that increasing roof opening area will lead the fire with the higher peak temperature. 
The correlation of average rate of temperature rise with peak temperature rise in the post- flashover stage, even not be 
investigated in this study, is present even with 1000 K and higher. And the validity of using small fire with a relatively low 
temperature to predict large fire with a relatively high temperature is proved [2]. That means in the ventilation-controlled 
stage, if the fire in the enclosure has a relatively high peak temperature that may cause harm to the structural elements of a 
building and the fire development could not be controlled, to increase the area of roof opening is not an appropriate strategy. 
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Fig. 10. Illustration of influence of roof opening area on slope (A) and intercept (B). 
5. Conclusions 
The paper presents an experimental study on the gas temperature rise in the fire cabin, with the effect of roof opening 
area and fire size. The fire size has a strong influence on the average rate of gas temperature rise in the enclosure. Compare 
to the fire size, the influence of roof opening area is weak, especially for small fires. The roof opening areas could have an 
influence on the process of fire development. In the early stage of fire development, the fire development process will slow 
down with the increase of roof opening area. It is conducive to provide more time for fire fighting and rescue work. For the 
relatively large fire, on the contrary, to increase the roof opening area is not an appropriate strategy. 
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